Introduction
============

Alzheimer's disease (AD) and type-2 diabetes mellitus (T2DM) are rapidly increasing disabling conditions among the aging population that reach a dimension of worldwide epidemic. Several population-based epidemiological studies have indicated that AD and T2DM often co-occur and that these diseases are risk factors for one another \[[@b1]-[@b7]\]. On the other hand, it is a well-established fact that T2DM is an integral part of the metabolic syndrome, which is the most important risk factor for cardiovascular diseases \[[@b8]\]. However, it is impossible to conclude whether T2DM, or more specifically hyperinsulinaemia and insulin resistance, are independent risk factors for AD solely on the basis of the epidemiological studies. Nevertheless, it was recently shown that insulin resistance increased the formation of neuritic plaques (NP), whereas no relationship was found between diabetes-related factors and neurofibrillary tangles (NFT) \[[@b9]\]. Although this study addressed the association of diabetic phenotype with AD pathology, other population-based neuropathological studies have not been able to establish the anticipated link between diabetes and amyloid-β (Aβ) accumulation \[[@b1], [@b7], [@b10]\]. Therefore, these population-based data collectively underscore the importance of using alternative approaches, such as experimental animal models, which display the key features of AD and T2DM, to study the common pathogenic mechanisms underlying these diseases. There are two important overlapping features in the metabolism of insulin and Aβ, a peptide generated from the amyloid precursor protein (APP) after β- and γ-secretase--mediated cleavages. The first common feature is that both insulin and Aβ are substrates of insulin-degrading enzyme (IDE) \[[@b11]\] and high extracellular levels of insulin compete with Aβ for binding to IDE \[[@b12]\]. Because peripheral Aβ is mainly degraded in the liver by IDE, it has been postulated that decreased IDE levels in the liver of T2DM patients lead to augmented Aβ levels both in the periphery and the brain \[[@b13]\]. Secondly, glycogen synthase kinase 3 (GSK3), a protein kinase, is intimately involved in the molecular mechanisms of insulin resistance and AD \[[@b14]\]. Insulin negatively regulates GSK3 activity, whereas GSK3 opposes the action of insulin. At the same time, GSK3β is the most important kinase responsible for the hyperphosphorylation of τ protein, which is the prime component of NFTs in the AD brain. Also, it should be noted that GSK3α, another GSK3 isoform, has been shown to regulate the production of Aβ both *in vitro* and *in vivo* \[[@b15]\]. So far, only a few animal studies have investigated the co-occurrence of AD pathology and metabolic features related to T2DM, such as hyperinsulinaemia and/or insulin resistance \[[@b16]-[@b18]\]. Results in these animal models have been controversial in terms of alterations in APP processing, Aβ accumulation, and insulin signalling. Therefore, we have cross-bred well-known AD model mice carrying human APPswe and PS1dE9 mutations (APdE9 mice) \[[@b19]\] with an established mouse model of T2DM, which overexpresses IGF-2 specifically in the pancreatic islet cells \[[@b20]\]. In the APdE9 χ IGF-2 (A+I+) mice, primary hyperinsulinaemia led to insulin resistance, which subsequently allowed us to study the effects of both genetic and diet-induced diabetic phenotype on Aβ pathology and neurological symptoms in aging mice. Consequently, we found that APdE9 genotype exacerbated hyperinsulinaemia and insulin resistance phenotype, whereas genetic or diet-induced insulin resistance did not augment beta-amyloid pathology in the brain of A+I+ mice.

Materials and methods
=====================

Animals
-------

As a model for AD, we used transgenic mice expressing mutated human amyloid precursor protein (APPswe) and presenilin-1 (PS1dE9) genes \[[@b19]\]. Formation of amyloid plaques in the cortex and hippocampus begins at the age of 3 months and proceeds faster in female mice. As a model of insulin resistance we used transgenic mice overexpressing IGF-2 \[[@b20]\]. In these mice, β-islet hyperplasia leads to hyperinsulinaemia and development of insulin resistance \[[@b20]\]. Both mouse lines were back-crossed for more than 10 generations to the common C57B6 strain. The experiments were conducted according to the Council of Europe (Directive 86/609) and Finnish guidelines, and approved by the National Animal Ethics Committee.

Experimental setup
------------------

The study consisted of two different age groups. The effect of genetic manipulation on glucose metabolism was first assessed in 4-month-old female and male mice (acute group). These mice first underwent glucose tolerance test (GTT) and 2 weeks later insulin tolerance test (ITT), and were euthanized at the age of 18 weeks.

The combined effect of genetic and dietary manipulations was investigated in another group of female and male mice (diet group). Beginning at the age of 5 (female mice) or 8 (male mice) months, the mice were fed with either normal lab chow \[containing 5% (w/w) fat and no cholesterol; referred to as standard diet, STD\] or a chow mimicking typical Western diet \[TWD; Adjusted Calories diet, TD 88137, Harlan Tecklad with 21% (w/w) fat and 0.15% cholesterol\]. The mice were killed at the age of 9 (female mice) or 12 (male mice) months. The female mice underwent GTT 9 weeks and ITT 11 weeks after the onset of either diet. Both female and male mice were subjected to a neurological test battery during the last 2 weeks before killing.

Behavioural testing
-------------------

*Spontaneous exploratory activity* was monitored in a transparent test cage (L 26 χ W 26 χ H 39 cm) with automated infrared photo detection (TruScan; Coulbourn Instruments, Allentown, PA, USA) for 10 min. in two separate sessions with a retention interval of 48 hrs.

*Spatial memory* was assessed with the Morris swim navigation task (water maze). The apparatus was a black plastic pool with a diameter of 120 cm. The experiment was performed for 5 consecutive days with five 60 sec. trials (T1--T5) per day and a single 40 sec. probe trial without the platform on day 6 to determine the search bias.

Insulin and glucose metabolism
------------------------------

### Glucose tolerance test (GTT)

After an overnight (16 hrs) fasting, an i.p. injection of 2 mg/g D-glucose as a 20% solution (prepared in normal saline) was given. Blood samples for the determination of glucose and insulin levels (50--75 μl) were collected at 0, 15, 30 and 60 min. from the saphenous vein and the glucose values were determined immediately using a glucometer.

### Insulin tolerance test (ITT)

After fasting for 4 hrs in the morning, an i.p. injection of insulin at 0.25 mU/g was given. Blood samples were collected at 0, 20, 40 and 80 min., and the glucose values were recorded using a glucometer.

### Analysis of insulin levels

During GTT, blood samples were collected into fine glass capillary tubes lined with anti-coagulant. Plasma obtained by centrifugation (13,000 r.p.m. for 1 min.) was snap-frozen in liquid nitrogen and analysed with rat insulin enzyme-linked immunosorbent assay kit and mouse insulin standards (INSKR020 and INSSM021; Crystal Chem Inc., Chicago, IL, USA).

Insulin gene expression
-----------------------

A separate cohort of 4-month-old mice (*n* ∇ 10 of all four genotypes; four male mice + six female mice) was euthanized with cervical dislocation and pancreatic islets were isolated as described previously \[[@b21]\]. Total islet RNA was isolated using RNeasy Plus Micro kit (QIAGEN GmbH, Hilden, Germany) and liver RNA with TRIzol Reagent (Life Technologies, Rockville, MD, USA). Quantitative RT-PCR reactions were performed with the following TaqMan Gene Expression Assays: Ins1 (Mm01259683_g1), Ins2 (Mm00731595_gH) and Arbp (Mm00725448_s1) (Applied Biosystems, Foster City, CA, USA), G6Pc3 (Mm00440636-m1), pck1 (Mm00616234_m1) and β-actin (Assay by design from Applied Biosystems). Insulin gene expression was normalized to Arbp (36B4 gene) and liver G6Pc3 and pck1 gene expression to β-actin, and calculated as a percentage related to wild-type gene expression.

Western blot analysis
---------------------

For Western blot analyses, total proteins were extracted from mechanically homogenized brain and liver samples using TPER extraction buffer (Pierce, Thermo Scientific, Rockford, IL, USA) containing EDTA-free phosphatase and protease inhibitor cocktail (Thermo Scientific, Rockford, IL, USA). After protein quantification using BCA Protein Assay Kit (Pierce), 30 μg of total protein lysates were subjected to 4--12% Bis-Tris-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA, USA) and subsequently blotted onto Immun-Blot polyvinylidene fluoride membranes (PVDF; Bio-Rad, Hercules, CA, USA). Primary antibodies against APP (A8717, 1:1000; Sigma-Aldrich, St. Louis, MO, USA), phospho-Akt (pAKT, Ser473, 1:1000; Cell Signaling Technology, Danvers, MA, USA), Akt (1:1000; Cell Signaling Technology), pGSK3α/β (pan antibody, 1:1000; Cell Signaling Technology), pGSK3β (Ser 9, 1:1000; Cell Signaling Technology), GSK3α (1:1000; Cell Signaling Technology), GSK3β (1:1000; Cell Signaling Technology), IDE (1:1000; Abcam, Cambridge, MA, USA), GAPDH (1:15,000; Abcam), PHF-τ (AT8, 1:1000; Thermo Scientific) and total τ (ab47579, 1:1000; Abcam) were used for immunoblotting. After incubation with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (GE Healthcare, Piscataway, NJ, USA), enhanced chemiluminescence substrate (Amersham Biosciences, GE Healthcare, Piscataway, NJ, USA) was applied to membranes and detection of protein bands was performed with ImageQuant RT ECL camera (GE Healthcare). Western blot images were quantified using Quantity One software (Bio-Rad).

ELISA analysis of liver and brain Aβ levels
-------------------------------------------

Liver Aβ levels were analysed from female mice of the acute group at 4 months of age. The tissue was homogenized in PBS with phosphatase and protease inhibitor cocktail. Ventral cortex was homogenized into 5 M guanidine, pH 8.0 with EDTA-free phosphatase and protease inhibitor cocktail. The levels of transgenic human Aβ1--40 and Aβ1--42 were quantified using the Signal Select TM β Amyloid ELISA Kits (BioSource International Inc., Camarillo, CA, USA).

Insulin measurements from the ventral posterior cortex
------------------------------------------------------

Brain insulin levels were measured by using AlphaLISA Insulin Kit (\#AL204C; PerkinElmer LAS, Inc., Boston, MA, USA) according to the manufacturer instructions with a minor change. Briefly, the total protein samples from the ventral posterior cortex were centrifuged (13,000 r.p.m. for 30 min.) and the supernatant was collected and stored at −70°C until the assay was performed. For the insulin assay, 5 μl of supernatant of each sample was added in triplicate to each well of 384-well plate. To this, 20 μl of a 2.5χ mixture of AlphaLISA Anti-Analyte Acceptor beads (10 μg/ml final concentration) and Biotinylated Antibody Anti-Analyte (1 nM final concentration) was added and incubated at 23°C for 60 min. Next, 25 μl of 2χ SA-Donor beads (40 μg/ml final concentration) were added to each well and the plate was incubated at 23°C for 60 min. in the dark. Results were obtained after correlating with the standard curve from human insulin standard dilutions by using the EnVision 2104 Multilabel Reader (Perkin Elmer, Waltham, MA, USA). Insulin concentrations were normalized to total protein levels.

Histological analysis
---------------------

The pancreas was fixed in 4% paraformaldehyde (PFA), embedded in paraffin and processed into 4-μm sections. Three sections separated by 100 μm were stained with polyclonal guinea pig anti-swine insulin antibody (A0564, 1:500; DakoCytomation, Carpinteria, CA, USA) The sections were counterstained with haematoxylin to stain the total pancreatic area. The left hemi-brain from female mice in the diet group was immersion fixed in 4% PFA for 4 hrs, whereas all male mice in the diet group were transcardially perfused with 4% PFA. Coronal sections of 35 μm were stained with human anti-Aβ antibody WO-2 (1:20,000; Genetics, Schlieren, Switzerland) and CD45 antibody detecting microglia (1:1000; Serotec, Oxford, UK), counterstained with Congo Red to visualize amyloid plaques. The insulin-positive area as percentage of total pancreatic area and amyloid plaque area as percentage of total cortical or hippocampal area analysed were measured from digital micrographs using Adobe Photoshop CS3 extended (version 10).

Statistical analysis
--------------------

Male and female groups were analysed separately. The acute groups were analysed with univariate ANOVA with APdE9 and IGF-2 genotypes as factors. The analysis of diet groups included diet (STD *versus* TWD) as a third factor. Metabolic and behavioural tests including repetitions were analysed with ANOVA for repeated measures (ANOVA-R) with time as within-subject, and APdE9 and IGF-2 genotypes and diet as between-subjects factors. Western blot data were analysed first separately for STD and TWD samples, and finally the effect of diet was analysed in a combined ANOVA model with the two genotypes and diet as factors. Spearman correlation coefficients were used to assess correlation between phosphoproteins of the insulin signalling pathway and brain Aβ levels, as well as between these two factors and spatial learning.

Results
=======

Metabolic phenotypes of the transgenic mice
-------------------------------------------

The effects of APdE9 (A+) and IGF-2 (I+) transgenes on glucose metabolism were investigated at two different time points. The first evaluation was performed in female and male mice at 4 months of age. The second experiment assessed the combined effect of genetic (A+ and I+) background and dietary manipulation using standard (STD) or typical Western diet (TWD) in 7-month-old female mice.

### Body weight

At 4 months of age, mice carrying the APdE9 genotype, that is A+Iw and A+I+ mice, had a lower body mass as compared to the APdE9 non-transgenic mice with either AwIw or AwI+ genotypes \[female mice: *F*(1,20) ∇ 8.0, *P* ∇ 0.01; male mice: *F*(1,12) ∇ 4.1, *P* ∇ 0.07\] ([Table 1](#tbl1){ref-type="table"}). At 7 months of age, female mice on TWD, regardless of their genetic background, weighed significantly more than mice harbouring the cognate genotype but fed with the standard diet \[*F*(1,68) ∇ 14.5, *P* \< 0.001\]. Furthermore, the weight of these mice continued to rise during the months preceding the metabolic tests \[*F*(1,68) ∇ 83.4, *P* \< 0.001\] ([Table 1](#tbl1){ref-type="table"}). In contrast to the A+ genotype, the I+ genotype was associated with a slightly higher body mass \[*F*(1,68) ∇ 9.1, *P* ∇ 0.004\] in 4-month-old mice. During the two follow-up months, the body weight tended to further increase, as observed in female mice at 6 and 7 months of age \[*F*(1,68) ∇ 4.0, *P* ∇ 0.05\] ([Table 1](#tbl1){ref-type="table"}).

###### 

Body weights in the four different genotype groups with respect to age and diet

  **Gender**       Age (mo)   Diet   Weight in the four genotypes (g, mean +**S.E.M.)**                                                                                              
  ---------------- ---------- ------ ---------------------------------------------------- -------------------------------------------- --------------------------------------------- --------------------------------------------
  *Acute groups*                                                                                                                                                                     
  Male             4          STD    24.1 + 0.8                                           25.6 + 1.9                                   22.5 + 0.7                                    22.6 + 0.5
  Female           4          STD    19.4 + 0.4                                           19.4 + 0.5                                   17.5 + 0.4[\*](#tf1-1){ref-type="table-fn"}   18.8 + 0.5
  *Diet groups*                                                                                                                                                                      
  Female           6          STD    22.2 + 0.4                                           23.7 + 0.6                                   22.3 + 0.7                                    23.3 + 0.6
  Female           6          TWD    23.4 + 0.7                                           25.5 + 1.3                                   21.7 + 0.9                                    23.7 + 1.0
  Female           7          STD    22.8 + 0.3                                           24.5 + 0.7                                   22.9 + 0.5[†](#tf1-2){ref-type="table-fn"}    24.2 + 0.6
  Female           7          TWD    **27.6**+ 1.3[†](#tf1-2){ref-type="table-fn"}        30.5 + 1.1[‡](#tf1-3){ref-type="table-fn"}   24.3 + 1.1[†](#tf1-2){ref-type="table-fn"}    28.6 + 1.4[‡](#tf1-3){ref-type="table-fn"}

The bold fonts signify significant diet effect, *P* \< 0.05 (*t*-test).

Significantly different from AwIw controls, *P* \< 0.05 (Dunnett's test).

Significant increase in follow-up, *P* \< 0.05.

Significant increase in follow-up, *P* \< 0.01 (paired *t*-test).

### Glucose tolerance test (GTT)

At 4 months of age, the fasting blood glucose (B-gluc) levels in both genders of A+Iw or A+I+ mice were significantly lower than those in APdE9 non-transgenic mice (AwIw or AwI+) \[female mice: *F*(1,20) ∇ 6.9, *P* ∇ 0.02; male mice: *F*(1,12) ∇ 12.3, *P* ∇ 0.004\], suggesting that the APdE9 genotype associated with lower blood glucose levels. In contrast, the B-gluc levels in AwI+ or A+I+ female mice were significantly elevated as compared to AwIw or A+Iw female mice \[*F*(1,20) ∇ 6.7, *P* ∇ 0.02\]. This effect was not observed among male mice (data not shown). GTT in the 4-month-old mice revealed elevated B-gluc levels in both female and male mice carrying the IGF-2 transgene (AwI+ or A+I+) \[female mice: *F*(1,19) ∇ 105.5, *P* \< 0.001; male mice: *F*(1,12) ∇ 15.6, *P* ∇ 0.02\]. In contrast, the A+ genotype (A+Iw or A+I+) was associated with lower B-gluc levels among male mice but not in female mice \[*F*(1,12) ∇ 6.0, *P* ∇ 0.03\] (Fig. S1A and B).

In the 7-month-old mice, the IGF-2 genotype (AwI+ or A+I+) \[*F*(1,69) ∇ 26.0, *P* \< 0.001\] associated with elevated B-gluc levels when compared to AwIw or A+Iw mice ([Fig. 1A](#fig01){ref-type="fig"} and B). The B-gluc levels were also increased in all mice fed with TWD \[*F*(1,69) ∇ 31.3, *P* \< 0.001\] as compared with mice on the STD ([Fig. 1A](#fig01){ref-type="fig"} and B). In addition, we observed a significant interaction with the transgenic genotype and diet. TWD did not affect B-gluc in A+ mice (A+Iw or A+I+; [Fig. 1B](#fig01){ref-type="fig"}), but it significantly elevated B-gluc in APdE9 non-transgenic (AwIw or AwI+) mice ([Fig. 1A](#fig01){ref-type="fig"}). Furthermore, the impact of the IGF-2 genotype on B-gluc levels was smaller in A+I+ than in AwI+ mice ([Fig. 1A](#fig01){ref-type="fig"} and B). GTT further revealed that both IGF-2 genotype \[*F*(1,67) ∇ 141.0, *P* \< 0.001\] and TWD \[*F*(1,67) ∇ 13.0, *P* ∇ 0.001\] elevated B-gluc concentrations in Aw and A+ mice ([Fig. 1A](#fig01){ref-type="fig"} and B). The highest B-gluc levels were observed in IGF-2--positive mice on the TWD. Both factors also prolonged the elevation in B-gluc after a single i.p. injection of glucose so that at 60 min, the B-gluc levels remained the highest in IGF-2--positive mice fed with TWD when compared to the other mice \[time χ IGF-2, *F*(3,65) ∇ 53.9, *P* \< 0.001; time χ diet, *F*(3,65) ∇ 3.6, *P* ∇ 0.02\] ([Fig. 1A](#fig01){ref-type="fig"} and B). In addition, there was a significant APdE9 χ IGF-2 \[*F*(1,67) ∇ 6.0, *P* ∇ 0.02\] and APdE9 χ TWD \[*F*(1,67) ∇ 4.8, *P* ∇ 0.03\] interaction, such that the presence of the APdE9 transgene attenuated the effects of both IGF-2 and TWD factors ([Fig. 1B](#fig01){ref-type="fig"}).

![Glucose tolerance test. Time course of B-gluc changes in (A) wild-type littermates (Aw) and (B) APdE9 transgenic (A+) female mice at 7 months of age. Corresponding changes in plasma insulin levels during the test in (C) wild-type littermates (Aw) and (D) APdE9 transgenic (A+) female mice. S: standard diet; T: typical Western diet. Mean + S.E.M.s are shown; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f1){#fig01}

In the 4-month-old mice, fasting plasma insulin levels (P-ins) were significantly dependent on both APdE9 and IGF-2 genotypes and their interaction \[female mice *F*(1,19) \> 26.9, *P* \< 0.001; male mice *F*(1,12) \> 21.7, *P* ≤ 0.001 for all comparisons\]. Mice with increased P-ins did not significantly further increase their insulin secretion in response to glucose challenge (Fig. S1C and D).

In the 7-month-old mice, P-ins levels (time 0 in GTT) varied significantly depending on the APdE9 \[*F*(1,67) ∇ 111.1, *P* \< 0.001\] and IGF-2 genotype \[*F*(1,67) ∇ 195.0, *P* \< 0.001\] and their interaction \[*F*(1,67) ∇ 100.3, *P* \< 0.001\]. Mice with both APdE9 and IGF-2 transgenes (A+I+) had approximately threefold higher insulin levels than the other groups ([Fig. 1C](#fig01){ref-type="fig"} and D). TWD had only a marginal effect on insulin levels \[*F*(1,67) ∇ 4.0, *P* ∇ 0.05\]. In general, however, mice fed with TWD had higher insulin levels when compared to mice on STD. Mice with increased P-ins did not significantly further increase their insulin secretion in response to glucose challenge ([Fig. 1C](#fig01){ref-type="fig"} and D).

### Insulin tolerance test (ITT)

ITT was performed only in the 7-month-old female mice. Because B-gluc levels were greatly influenced by the genotypes and the diet, and because gluconeogenesis was triggered already at 40 min. from the insulin injection, we considered the change from individual baseline to the 20 min. time point as a measure of insulin resistance. This analysis revealed significant time χ APdE9 \[*F*(1,68) ∇ 4.1, *P* \< 0.05\] and time χ APdE9 χ IFG2 interactions \[*F*(1,68) ∇ 6.4, *P* ∇ 0.01\]. Among IGF-2 non-transgenic mice (Iw), neither APdE9 genotype nor TWD influenced B-gluc response to acute insulin injections ([Fig. 2A](#fig02){ref-type="fig"}). In contrast, among I+ mice, the APdE9 transgene (A+I+) induced insulin resistance ([Fig. 2B](#fig02){ref-type="fig"}). TWD did not further enhance insulin resistance in these mice ([Fig. 2B](#fig02){ref-type="fig"}).

![Insulin tolerance test. Changes in glucose levels from baseline in (A) IGF-2 wild-type (Iw) and (B) IGF-2 transgenic (I+) mice. (C) Representative examples of pancreatic β-islets visualized with anti-insulin antibody of IGF-2 wild-type (wt) and IGF-2 transgenic (tg) mice; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f2){#fig02}

### Assessment of potential mechanisms of hyperinsulinaemia

To delve into the mechanisms of hyperinsulinaemia caused by the combined effect of APdE9 and IGF-2 transgenes, we first studied the morphology of pancreatic islets in 9-month-old female mice (at the age of perfusion) receiving STD. Immunohistochemistry revealed a significant hypertrophy of islet β cells in I+ mice independent of their APdE9 genotype \[*F*(1,16) ∇ 11.4, *P* ∇ 0.004\] ([Figs. 2C](#fig02){ref-type="fig"} and S2A). To further assess insulin production per β-cell, we analysed insulin-1 and insulin-2 mRNA levels in isolated pancreatic islets of 4-month-old female and male mice. This analysis revealed that IGF-2 overexpression in AwI+ or A+I+ mice was associated with lower insulin 1 \[*F*(1,25) ∇ 6.3, *P* ∇ 0.02\] and insulin 2 \[*F*(1,25) ∇ 5.9, *P* ∇ 0.02\] mRNA levels as compared to the IGF-2 non-transgenic AwIw or A+Iw mice. The presence of APdE9 transgene had an opposite effect \[Ins1: *F*(1,25) ∇ 8.9, *P* ∇ 0.006; Ins2: *F*(1,25) ∇ 4.8, *P* ∇ 0.04\], such that A+Iw or A+I+ mice displayed increased insulin 1 or insulin 2 mRNA levels as compared to the AwIw or AwI+ mice (Fig. S2B). Hyperinsulinaemia may also arise in response to increased gluconeogenesis. To test this possibility, we assessed the mRNA levels of two rate-limiting enzymes in glucose production, glucose-6-phosphatase and phosphoenolpyruvate carboxykinase, from frozen liver samples of 4-month-old female mice. When normalized to β-actin levels, neither mRNA exhibited significant differences between the genotypes (data not shown).

Finally, hyperinsulinaemia may result from retarded insulin degradation in the liver by IDE. To this end, we determined IDE protein levels in the liver of 4-month-old female mice. There was on average 20% reduction in IDE levels in APdE9-positive mice independent of their IGF-2 genotype (A+Iw or A+I+ mice). However, this reduction was not statistically significant (Fig. S2C). In addition to insulin, IDE is also known to degrade Aβ. Aβ1--40 levels in the liver of 4-month-old APdE9-positive female mice (*n* ∇ 6) were 1.7 ± 0.2 ng/g. These levels are about six times higher than the plasma insulin concentration of wild-type mice (∼0.3 ng/ml). On the other hand, the affinity of insulin to IDE is about 20-fold higher than that of Aβ. Therefore, it seems unlikely that Aβ would slow down insulin degradation and in this way cause hyperinsulinaemia in these mice.

In conclusion, our data suggest that the extensive hyperinsulinaemia in A+I+ mice results from a combined effect of islet hyperplasia induced by IGF-2 overexpression and increased insulin production (at least at the mRNA level) per islet cell as a result of APdE9 transgene. Additional contributing factors present in A+I+ mice may be the decreased IDE proteins levels in the liver and direct substrate competition between Aβ and insulin for IDE in the liver.

Neurological phenotype of the transgenic mice
---------------------------------------------

### Behavioural manifestations of hyperglycaemia and hyperinsulinaemia

Female mice underwent neurological testing at the age of 8 months and male mice at the age of 12 months. Female APdE9-positive mice exhibited hyperactivity in a new environment \[*F*(1,68) ∇ 18.4, *P* \< 0.001\]. However, this was dependent on the IGF-2 genotype (*F* ∇ 4.7, *P* ∇ 0.03), so that I+ mice were not hyperactive compared to IwAw mice on STD ([Fig. 3A](#fig03){ref-type="fig"} and B). Among male mice, the APdE9 genotype had little effect on exploratory activity ([Fig. 3E](#fig03){ref-type="fig"} and F). On the other hand, the effect of diet approached significance in male mice \[*F*(1,66) ∇ 3.6, *P* ∇ 0.06\], as all mice on TWD, except the A+I+ mice, moved less than the mice on STD ([Fig. 3E](#fig03){ref-type="fig"} and F). Spatial learning was assessed with the Morris swim navigation task. Among 8-month-old female mice, APdE9-positive mice, as expected, were inferior in the task than APdE9 non-transgenic mice ([Fig. 3C](#fig03){ref-type="fig"} and D). However, the effect of the APdE9 transgene on escape latency only approached significance \[*F*(1,67) ∇ 3.1, *P* ∇ 0.08\]. In contrast, there was a significant IGF-2 χ diet interaction (*F* ∇ 4.3, *P* ∇ 0.04). TWD did not affect learning in IwAw or IwA+ mice but it had a deleterious effect in I+Aw or I+A+ mice ([Fig. 3C](#fig03){ref-type="fig"} and D). The genotypes or the diet did not significantly modulate swimming speed, so escape latency can be taken as a valid measure of the task acquisition.

![Summary of behavioural tests in mice on standard diet (STD) or high-fat diet (TWD). Ambulatory distance (gross horizontal locomotion) in a new test cage during 10 min. in (A) IGF-2 wild-type (Iw) and (B) IGF-2 transgenic (I+) female mice. Escape latency to reach the hidden platform in the Morris swim navigation task in (C) IGF-2 wild-type (Iw) and (D) IGF-2 transgenic (I+) female mice at 8 months of age. Corresponding data are shown for (E) IGF-2 wild-type (Iw) and (F) IGF-2 transgenic (I+) male mice at 12 months of age. Note the impairment in A+I+ mice on TWD groups in both genders. A probe trial on day 6 tests memory for the platform location in terms of time spent in the target quadrant of the pool. (G) Among female mice, only AwIw mice independent of diet show a significant search bias, whereas (H) AwIw and AwI+ male mice on STD search in the correct target quadrant. The dashed line indicates probability of a random search. S: standard diet; T: typical Western diet; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f3){#fig03}

Search bias was assessed in a separate probe test without the platform on day 6 as an indicator of memory retention. This analysis revealed a significant effect of the APdE9 genotype \[*F*(1,67) ∇ 4.8, *P* ∇ 0.03\] in female mice, such that especially the AwIw mice on STD or TWD showed a significant search bias over chance as compared to the mice with other genotypes ([Fig. 3G](#fig03){ref-type="fig"}). The IGF-2 transgene or TWD or their interaction did not affect the performance ([Fig. 3G](#fig03){ref-type="fig"}).

Among 12-month-old male mice, task acquisition as measured by escape latency was impaired by the APdE9 genotype in A+Iw or A+I+ mice \[*F*(1,66) ∇ 5.0, *P* ∇ 0.03\] and TWD (*F* ∇ 4.7, *P* ∇ 0.03) ([Fig. 3E](#fig03){ref-type="fig"} and F). However, the swimming speed was slower in mice on TWD (*P* ∇ 0.01), which may have contributed to this parameter. Therefore, task acquisition was also analysed by measuring the swim path length. This was significantly longer in A+Iw or A+I+ mice than in APdE9 non-transgenic mice (*F* ∇ 16.9, *P* \< 0.001). TWD did not affect this parameter (*P* ∇ 0.40). An additional common measure of task acquisition is the tendency to swim near the wall. This is an ineffective strategy that may prevent or delay the mouse from finding the platform located half-way between the wall and the pool centre. Both the APdE9 genotype (A+Iw or A+I+ mice; *F* ∇ 11.2, *P* ∇ 0.001) and TWD (*F* ∇ 9.7, *P* ∇ 0.003) prolonged the time the mice were swimming near the pool wall. In fact, A+I+ mice on TWD continued this behaviour until the very last day of task acquisition. Search bias on day 6 was marginally impaired by the APdE9 genotype (A+Iw or A+I+ mice) \[*F*(1,66) ∇ 3.7, *P* ∇ 0.06\]. Only AwIw or AwI+ male mice on STD exhibited significant search bias over chance ([Fig. 3H](#fig03){ref-type="fig"}). In summary, whereas significant hyperactivity was only observed in female A+Iw mice independent of the diet, spatial learning was most robustly impaired in A+I+ mice on TWD in both genders.

Effects of genotype and diet on Aβ, τ, insulin and insulin signalling in the cerebral cortex
--------------------------------------------------------------------------------------------

### APP processing, Aβ pathology and IDE expression

Next, we assessed the effects of genotype and diet on APP processing, Aβ pathology and IDE expression in the brain, focusing on the ventral posterior (temporo-occipital) cortex. According to the Western blot analysis of total protein lysates, APdE9-positive mice showed an expected significant increase in APP695 isoform (∼2-fold) and APP C-terminal fragment (CTF) (∼3.5-fold) levels when compared to wild-type mice (AwIw; [Fig. 4A](#fig04){ref-type="fig"}). Apart from these differences, examination of female ([Fig. 4B](#fig04){ref-type="fig"} and D) and male ([Fig. 4C](#fig04){ref-type="fig"} and E) mice did not reveal significant changes in GAPDH-normalized total APP or APP CTF levels with respect to genotypes or diet.

![Effects of genotype and diet on APP processing and IDE expression in the ventral posterior cortex. (A) Total protein lysates of female mice on STD were analysed with Western blotting using the APP C-terminal--specific antibody. GAPDH-normalized levels of total APP (APPtot), APP C-terminal fragments (APP CTF), and IDE in (B) female mice on STD, (C) male mice on STD, (D) female mice on TWD and (E) male mice on TWD. Mean + S.D.s are shown; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f4){#fig04}

In addition, insoluble Aβ1--40 ([Fig. 5A](#fig05){ref-type="fig"} and B) and Aβ1--42 ([Fig. 5C](#fig05){ref-type="fig"} and D) levels were measured from the same protein lysates. Among female mice, Aβ levels did not differ between the genotypes or diet groups. However, IGF-2 χ diet interaction revealed a borderline significance for increased Aβ1--40 levels in A+I+ female mice on TWD \[*F*(1,26) ∇ 4.0, *P* ∇ 0.06\] ([Fig. 5A](#fig05){ref-type="fig"}). In contrast, male A+I+ mice on STD or TWD had lower Aβ1--40 \[*F*(1,32) ∇ 5.6, *P* ∇ 0.03\] levels as compared to A+Iw mice on STD or TWD ([Fig. 5B](#fig05){ref-type="fig"}). Insoluble Aβ1--42 levels did not differ between the genotypes or diet groups in either female or male mice ([Fig. 5C](#fig05){ref-type="fig"} and D). However, male A+I+ mice showed a higher Aβ 42/40 ratio than A+Iw mice (*F* ∇ 8.6, *P* ∇ 0.006; [Fig. 5F](#fig05){ref-type="fig"}), while neither the IGF-2 transgene nor the diet modulated this ratio in female mice ([Fig. 5E](#fig05){ref-type="fig"}).

![Aβ levels in the cortex of female and male APdE9 mice without (Iw) or with (I+) IFG2 transgene and on standard diet (STD) or typical Western diet (TWD). ELISA results (mean + S.E.M.) are shown separately for Aβ1-40 (A and B), Aβ1-42 (C and D) and the Aβ42/40 ratio (E and F). \*Different from the Iw genotype mouse on the same diet (*P* \< 0.05, *t*-test). ^\#^Main effect of IGF-2 (*P* \< 0.05, ANOVA); *n* ∇ 4--6 mice/group.](jcmm0016-1206-f5){#fig05}

Aβ load was assessed in histological sections in male A+I+ and A+Iw mice. Both hippocampus and the overlying parietal cortex were analysed, but no overall changes in Aβ load with respect to IGF-2 genotype or diet were found (*P* \> 0.11; data not shown). In contrast, IGF-2 transgene had a significant effect on microglial activation as assessed by CD45-positive relative surface area ([Fig. 6A](#fig06){ref-type="fig"}). A+I+ mice had less microglial activation both in the cortex \[*F*(1,32) ∇ 6.4, *P* ∇ 0.02; [Fig. 6B](#fig06){ref-type="fig"}\] and the hippocampus (*F* ∇ 7.1, *P* ∇ 0.01) than other groups (data not shown). Finally, we assessed the effects of the genotype and diet on IDE protein levels in the ventral posterior cortex of female and male mice ([Fig. 4A](#fig04){ref-type="fig"}--E). A significant overall genotype effect by the IGF-2 transgene was observed in female mice on STD (*F* ∇ 4.0, *P* ∇ 0.02; [Fig. 4B](#fig04){ref-type="fig"}), but not in male mice on either STD or TWD ([Fig. 4C](#fig04){ref-type="fig"} and E). GAPDH-normalized IDE levels were increased ∼1.4-fold in female AwI+ mice on STD when compared to the other female mice on STD.

![Effect of IGF-2 transgene on microglial activation in mice on standard diet (STD). (A) Representative section of the A+Iw mouse cortex double-stained with Congo Red (arrow) to show the amyloid plaque core and CD45 antibody to show activated microglia/macrophages around the plaques. (B) Mean (+S.E.M.) surface area as percentage of total analysed area that was positive for CD45 in A+Iw and A+I+ male mice on STD or typical Western diet (TWD). ^\#^Main effect of IGF-2 (*P* \< 0.05, ANOVA); *n* ∇ 4--6 mice/group.](jcmm0016-1206-f6){#fig06}

### τIsoform expression and phosphorylation status

To elucidate the possible effects of the genotype and diet on τ isoform expression and Ser202 phosphorylation status in the brain tissue, Western blotting analysis was performed from the total protein lysates extracted from the ventral posterior cortex ([Fig. 7](#fig07){ref-type="fig"}). Using protein lysate from HEK293 cells transiently overexpressing human τ-0N4R isoform as a size control, three major τ isoforms were detected in both female ([Fig. 7A](#fig07){ref-type="fig"}) and male ([Fig. 7D](#fig07){ref-type="fig"}) mice on STD independently of the genotype. Based on the previously determined τ isoform profile in the adult mouse brain \[[@b22]\] as well as on the estimated molecular weights of τ protein bands, it was concluded that the three τ-specific bands most likely represent 0N4R, 1N4R and 2N4R τ isoforms. Comparison of the GAPDH-normalized total τ (all isoforms) levels or τ phosphorylation status, as assessed with a τ-phospho-Ser202-specific antibody (AT8), between the different genotypes revealed no differences in female or male mice on STD ([Fig. 7B](#fig07){ref-type="fig"} and E). Interestingly, all female mice on TWD independently of the genotype showed a prominent appearance of a τ isoform (∼62 kD) that was not observed in female mice on STD ([Fig. 7A](#fig07){ref-type="fig"}). Based on the molecular weight, this isoform likely represents τ-2N3R. Furthermore, in female mice on TWD, AT8 antibody staining revealed a consistent increase in the phosphorylation of a τ-specific band, which was approximately the same in size as the τ-0N4R (∼52 kD) isoform, when compared to female mice on STD ([Fig. 7A](#fig07){ref-type="fig"}). Comparison of total τ and phosphorylated τ levels between different genotypes did not reveal statistically significant changes in female mice on TWD ([Fig. 7A](#fig07){ref-type="fig"} and C). Male mice on STD showed a similar τ isoform expression pattern as the female mice on STD ([Fig. 7A](#fig07){ref-type="fig"} and D), and no statistically significant changes were observed in total τ levels between the genotypes ([Fig. 7E](#fig07){ref-type="fig"}). On the other hand, male mice on TWD showed similar kind of alterations in τ isoform expression profile as the female mice on TWD ([Fig. 7A](#fig07){ref-type="fig"} and D). However, due to fluctuation of the expression of specific τ isoforms, total τ levels did not significantly differ between the genotypes among male mice on TWD ([Fig. 7F](#fig07){ref-type="fig"}). Male mice on STD or TWD revealed a moderate, but statistically non-significant increase in the phosphorylation status of τ in the A+Iw and A+I+ mice when compared to AwIw mice ([Fig. 7E](#fig07){ref-type="fig"} and F). There were no significant correlations with measures of spatial memory and the levels of total τ or phosphorylated τ in mice on STD or TWD (data not shown).

![Effects of genotype and diet on τ isoform expression and τ Ser202 phosphorylation in the ventral posterior cortex. Total protein lysates of female (A) and male (D) mice on standard diet (STD) or typical Western diet (TWD) were analysed with Western blotting using the total τ (Tot. τ) and Ser202-phosphorylation-specific (pτ Ser202, AT8) antibodies. Quantification of GAPDH-normalized levels of the total τ and the τ phosphorylation status (pτ/Tot. τ) in female (B, C) or in male (E, F) mice on STD (B, E) and TWD (C, F). Phosphorylation status of ∼52-kD τ isoform in female mice on TWD was increased when compared to female mice on STD (A, indicated as\*). τ levels in wild-type female mice (AwIw) were set to 100% in individual Western blot gels (B, C). Mean + S.D.s are shown; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f7){#fig07}

### Insulin levels and insulin signalling

Because the A+I+ mice showed peripheral hyperinsulinaemia and insulin resistance, we next studied the effects of the genotype and diet on the levels of insulin and components of the insulin signalling pathway in the brain. Total protein-normalized insulin levels in the ventral posterior cortex were not significantly altered in the female ([Fig. 8A](#fig08){ref-type="fig"}) or male ([Fig. 8B](#fig08){ref-type="fig"}) mice with respect to the genotype or the diet. Although there were no statistically significant changes based on the ANOVA analysis with multiple comparisons, brain insulin levels in male A+I+ mice on TWD were significantly decreased an average 20% when compared to AwIw mice on TWD (*P* \< 0.05). There were no correlations with fasting insulin levels in plasma and brain in mice on STD or TWD (data not shown).

![Effects of genotype and diet on insulin levels in the ventral posterior cortex. Total protein-normalized insulin levels were measured from female (A) or male (B) mice on standard diet (STD) or typical Western diet (TWD). Mean + S.D.s are shown; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f8){#fig08}

Western blot analysis of phosphorylation sites in GSK3α (pSer21), GSK3β (pSer9) and Akt (pSer473) revealed that the IGF-2-positive genotype significantly increased the inhibitory phosphorylation of GSK3β (pGSK3β/total GSK3β) in female AwI+ and A+I+ mice on STD \[*F*(1,18) ∇ 7.9, *P* ∇ 0.01; [Fig. 9A](#fig09){ref-type="fig"} and C\], but not in female ([Fig. 9D](#fig09){ref-type="fig"}) or male mice on TWD (Fig. S3B). On average 1.4-fold increase in pGSK3β/total GSK3β ratio was observed in female A+I+ mice on STD when compared to female A+Iw mice on STD. This difference was not due to alterations in total GSK3β levels ([Fig. 9A](#fig09){ref-type="fig"} and C). Inhibitory phosphorylation of GSK3α (pGSK3α/total GSK3α) was similarly increased in IGF-2 transgenic female mice on STD \[*F*(1,18) ∇ 6.2, *P* ∇ 0.02; [Fig. 9A](#fig09){ref-type="fig"} and C\]. An ANOVA model including both the genotype and the diet as factors revealed a significant diet χ IGF-2 interaction in both GSK3α \[*F*(1,39) ∇ 11.2, *P* ∇ 0.002\] and GSK3β (*P* ∇ 0.02) phosphorylation in female mice. The diet alone had a significant effect on GSK3α (*P* ∇ 0.002), but not GSK3β phosphorylation (*P* \> 0.50). None of these effects was significant in male mice. In contrast, Ser473 phosforylation of Akt was not affected in female or male mice of any genotype on STD or TWD ([Figs. 9B](#fig09){ref-type="fig"}--D and S3A and B).

![Effects of genotype and diet on insulin signalling in the ventral posterior cortex. (A) Total protein lysates of female mice on standard diet (STD) were analysed with Western blotting using antibodies specific for phosphorylated GSK3α (Ser 21) and GSK3β (Ser 9), as well as total GSK3α and GSK3β. (B) Western blots from the same mice analysed using antibodies specific for phosphorylated Akt (Ser473) and total Akt. Phosphorylated and total levels of GSK3α, GSK3β and Akt in (C) female mice on STD and (D) female mice on typical Western diet (TWD). Mean + S.D.s are shown; *n* ∇ 4--6 mice/group.](jcmm0016-1206-f9){#fig09}

The influence of genetic and dietary factors on insulin signalling in the cerebral cortex is summarized in [Table 2](#tbl2){ref-type="table"}. Notably, APdE9 genotype itself did not significantly modulate insulin signalling pathways in female mice, but increased the ratio of pGSK3α to total GSK3α in male mice \[STD: *F*(1,20) ∇ 5.8, *P* ∇ 0.03; Fig. S3A; TWD: \[*F*(1,16) ∇ 7.8, *P* ∇ 0.01; Fig. S3B\]. To test whether this change relates to the observation that IGF-2 transgene decreases Aβ1--40 levels and increases Aβ42/40 ratio in male APdE9 mice, we ran correlation analyses between these variables. Interestingly, in IGF-2 wild-type mice (AwIw or A+Iw), pGSK3β positively correlated with Aβ1--40 levels (*r* ∇ 0.76, *P* \< 0.01) and negatively with Aβ42/40 ratio (*r* ∇ −0.82, *P* \< 0.01). Total levels of GSK3α or GSK3β exhibited an opposite correlation with Aβ1--40 levels and Aβ42/40 ratio (Aβ1--40: *r* ∇ −0.69 and −0.64; Aβ42/40: *r* ∇ 0.68 and 0.64, all *P* \< 0.05). In contrast, no significant correlation between Aβ and GSK3 variables was found among IGF-2 transgenic mice (AwI+ or A+I+). Furthermore, brain insulin levels positively correlated with increased inhibitory phosphorylation of GSK3β in female mice regardless of the genotype on STD (*r* ∇ 0.49, *P* \< 0.05), but not on TWD (*r* ∇ −0.04, *P* ∇ 0.84).

###### 

Influence of APdE9 and IGF-2 genotypes on key components associated with insulin signalling pathway in mice on standard (STD) and typical Western (TWD) diet

           **Females, STD[\*](#tf2-1){ref-type="table-fn"}**         Females, TWD[\*](#tf2-1){ref-type="table-fn"}   
  -------- --------------------------------------------------- ----- ----------------------------------------------- ---
  Akt      0                                                   0     0                                               0
  pAkt     0                                                   0     0                                               0
  GSK3α    0                                                   0     0                                               0
  pGSK3α   0                                                   \+    0                                               0
  GSK3β    0                                                   0     0                                               0
  pGSK3β   0                                                   \+    0                                               0
  IDE      (−)                                                 (+)   0                                               0
           **Males, STD[\*](#tf2-1){ref-type="table-fn"}**           Males, TWD[\*](#tf2-1){ref-type="table-fn"}     
  Akt      0                                                   0     0                                               0
  pAkt     0                                                   0     0                                               0
  GSK3α    0                                                   0     \+                                              0
  pGSK3α   \+                                                  0     \+                                              0
  GSK3β    0                                                   0     0                                               −
  pGSK3β   0                                                   0     0                                               0
  IDE      0                                                   0     0                                               0

Parentheses show a trend with borderline significance, + indicates increased levels, − decreased levels and 0 no effect.

Finally, we wanted to study whether changes in Aβ levels and insulin signalling pathways contributed to the observed learning impairment, particularly in A+I+ mice on TWD. To this end, we correlated these factors with the main measure of spatial learning in the swim navigation task, the escape latency ([Table 3](#tbl3){ref-type="table"}). First, high Aβ42/40 ratio in general appeared to correlate with poor learning in male mice. An opposite correlation was found in female mice. Secondly, activation of Akt and consequent inhibitory phosphorylation at Ser9 of GSK3β correlated with improved learning in female mice, particularly in APdE9-positive mice. In this regard, it is intriguing that A+I+ mice on STD demonstrated increased pGSK3β levels compared to other groups ([Fig. 9C](#fig09){ref-type="fig"}), while this increase was blunted in A+I+ mice on TWD ([Fig. 8D](#fig08){ref-type="fig"}), which also showed impaired spatial learning. Third, despite the fact that most correlations were opposite in female and male mice, the correlation between good spatial learning and GSK3β-Ser9 phosphorylation in APdE9-positive mice was evident and consistent across both genders ([Table 3](#tbl3){ref-type="table"}).

###### 

Correlation of escape latency in Morris swim task to Aβ and to the key components in the insulin signalling pathway

            Females[‡](#tf3-1){ref-type="table-fn"}                                                                                                                              
  --------- ----------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ----------------------------------------
  Aβ1--40   0.33                                      N/A                                      0.33                                     0.47                                     0.17
  Aβ1--42   0.28                                      N/A                                      0.28                                     0.40                                     0.23
  Aβ42/40   −0.31                                     N/A                                      −0.31                                    −0.53[\*](#tf3-3){ref-type="table-fn"}   0.03
  pAkt      −0.32[\*](#tf3-3){ref-type="table-fn"}    −0.42[\*](#tf3-3){ref-type="table-fn"}   −0.32                                    −0.33                                    −0.31
  pGSK3α    -0.29[\*](#tf3-3){ref-type="table-fn"}    −0.28                                    −0.38                                    −0.11                                    −0.54[\*](#tf3-3){ref-type="table-fn"}
  pGSK3β    -0.32[\*](#tf3-3){ref-type="table-fn"}    −0.14                                    −0.57[†](#tf3-2){ref-type="table-fn"}    −0.37                                    −0.07
            Males[‡](#tf3-1){ref-type="table-fn"}                                                                                                                                
  Aβ1--40   −0.28                                     N/A                                      −0.28                                    −0.49[\*](#tf3-3){ref-type="table-fn"}   −0.25
  Aβ1--42   −0.35[\*](#tf3-3){ref-type="table-fn"}    N/A                                      −0.35[\*](#tf3-3){ref-type="table-fn"}   −0.36                                    −0.37
  Aβ42/40   0.32                                      N/A                                      0.32                                     0.58[†](#tf3-2){ref-type="table-fn"}     0.17
  pAkt      0.15                                      0.39                                     −0.15                                    0.38                                     0.11
  pGSK3α    0.02                                      0.25                                     −0.25                                    −0.11                                    0.05
  pGSK3β    -0.10                                     0.22                                     −0.47[\*](#tf3-3){ref-type="table-fn"}   −0.34                                    0.11

Negative correlation indicates good learning.

*P* \< 0.01.

*P* \< 0.05.

In summary, it is apparent that genotype and diet encompassed differential effects in terms of Aβ pathology, τ isoform expression, τ phosphorylation, as well as GSK3 activities between female and male mice. Importantly, high-fat diet or IGF-2 genotype did not increase Aβ plaque burden in the brain of female or male mice. In male mice, however, IGF-2 transgene increased Aβ42/40 ratio, which in turn correlated with poor spatial learning. Conversely, increased inhibitory phosphorylation of GSK3β correlated with good spatial learning and the inhibitory phosphorylation of both GSK3β and GSK3α were increased in A+I+ female mice on the standard diet, but not on the high-fat diet. Finally, high-fat diet, but not any of the genotypes, increased the expression of a specific τ isoform (∼62 kD) and the Ser202 phosphorylation of τ (∼52 kD) in female mice when compared to the female mice on standard diet.

Discussion
==========

Although several epidemiological studies have shown an intimate link between AD and T2DM \[[@b1]-[@b7]\], the molecular mechanisms underlying this co-morbidity are not well-understood. Here we demonstrate that the APdE9 transgene enhanced hyperinsulinaemia and insulin resistance induced by genetic or dietary factors. Extensive hyperinsulinaemia and insulin resistance in APdE9 χ IGF-2 (A+I+) overexpressing mice likely resulted from increased insulin secretion due to the pancreatic islet hyperplasia and preserved insulin production by islet cells in combination. These may have been further exacerbated by the competition of insulin and peripheral Aβ for IDE-mediated degradation in the liver. This is an important finding because it suggests that increased circulating levels of Aβ can aggravate diabetic phenotype, at least in mouse models of AD. Similar exacerbation of diabetic phenotype was recently observed in APP^+^*-ob/ob* and APP^+^*-*NSY mice, which are well-established AD mouse models with hyperinsulinaemia and insulin resistance \[[@b18]\]. In our study, hyperglycaemia and insulin resistance did not exacerbate Aβ pathology, the expression of τ isoforms, or the phosphorylation status of τ in the brain of APdE9 transgenic mice, which is another widely used mouse model of AD \[[@b19]\]. These results with respect to Aβ pathology are in contrast to diet-induced hyperinsulinaemia and insulin resistance in APPswe mice \[[@b16]\], but fully consistent with observations in APP^+^*-ob/ob* and APP^+^*-*NSY mice \[[@b18]\]. In contrast to APP^+^*-ob/ob* and APP^+^*-*NSY mice, however, we did not observe increased cerebral inflammation or cerebral amyloid angiopathy in A+I+ mice. Quite the opposite, A+I+ mice showed less microglial activation both in the cortex and hippocampus. Furthermore, extensive peripheral hyperinsulinaemia in combination with insulin resistance in aged A+I+ mice resulted in impaired spatial learning only after dietary manipulation with a high-fat diet (21% fat, 0.15% cholesterol). This suggests that the cognitive phenotype of A+I+ mice was influenced by dietary lipids in conjunction with the diabetic genotype rather than the diabetic genotype itself. Consistent with this, we observed decreased GSK3α (Ser21) and GSK3β (Ser9) inhibitory phosphorylation in female A+I+ mice after dietary manipulation with the high-fat diet. Furthermore, brain insulin levels were moderately decreased in A+I+ mice on high-fat diet similarly to those seen previously in APP^+^*-ob/ob* mice on standard diet \[[@b18]\]. Because increased GSK3β-Ser9 inhibitory phosphorylation correlated with improved spatial learning in all genotypes, but especially in APdE9-positive mice, this mechanism likely contributes to the selective spatial learning impairment observed only in A+I+ mice on high-fat diet. Our findings are in line with the recent observations in triple transgenic 3xTg-AD mice, in which high-fat diet increased the activity of c-Jun N-terminal kinase and thereby augmented insulin receptor substrate-1 (IRS-1) phosphorylation at the Ser616 site \[[@b23]\]. Because Ser616 phosphorylation leads to the uncoupling of IRS-1 from PI3-kinase and Akt \[[@b24]\], it was suggested that the activity of GSK3α and GSK3β is affected due to the disrupted insulin signalling \[[@b23]\]. Collectively, our data suggest that hyperglycaemia and insulin resistance alone may not lead to cognitive impairment unless these metabolic changes are accompanied by high-fat and high-cholesterol diet. The results related to metabolic, pathological, behavioural and insulin signalling phenotypes with respect to genotype and diet are summarized in [Table 4](#tbl4){ref-type="table"}.

###### 

Summary of the metabolic, behavioural, pathological and insulin signalling changes in A+I+ mice on standard (STD) or typical Western (TWD) diet compared to corresponding A+I− mice

                                                                   **A**+**I**+**STD**   A+**I**+**TWD**
  ---------------------------------------------------------------- --------------------- -----------------
  *Metabolic phenotype in periphery*                                                     
  Hyperglycaemia                                                   \-                    \-
  Hyperinsulinaemia                                                \-                    \-
  Insulin resistance                                               \-                    \-
  *Behavioural phenotype*                                                                
  Spatial learning                                                 --                    ↓
  *A*β *pathology*                                                                       
  APP expression and processing                                    --                    --
  Aβ levels[†](#tf4-2){ref-type="table-fn"}                        --                    --
  IDE levels                                                       --                    --
  τ *Pathology*                                                                          
  τ Expression (total τ levels)[\*](#tf4-1){ref-type="table-fn"}   --                    --
  τ Phosphorylation                                                --                    --
  *Inflammation*                                                                         
  CD45^+^ microglia                                                ↓                     \-
  *Insulin and insulin signalling in brain*                                              
  Insulin levels                                                   --                    ↓
  Akt activity                                                     \-                    --
  GSK3α activity                                                   ↓                     --
  GSK3β activity                                                   ↓                     --

Female mice on TWD diet showed specific appearance of 62 kD τ isoform (2N3R) when compared to female mice on STD.

Male A+I+ mice on STD and TWD showed a decrease in Aβ1--40 levels, whereas the ratio of Aβ42/40 was increased.

Although the expression levels of total soluble τ isoforms and the Ser202 phosphorylation status of τ remained unchanged relative to the genotype in mice on standard or high-fat diet, there were extensive differences in the expression of specific τ isoforms in female mice on high-fat diet as compared to the standard diet. Importantly, τ isoform of ∼62 kD was strongly up-regulated in all female mice on high-fat diet regardless of the genotype. Based on the size and the previous findings in adult mouse brain \[[@b22]\], it was concluded that the ∼62 kD τ represents the τ-2N3R isoform. Similar kind of τ isoform expression profile was observed in male mice on high-fat diet, but the appearance of the ∼62 kD τ isoform varied from mouse to mouse with the same genotype. Similarly to our data, a recent study showed that high-fat diet in 3xTg-AD mice increased the soluble τ levels when compared to 3xTg-AD mice on standard diet \[[@b25]\], indicating that diet plays an important role in the regulation of τ expression. Apart from the altered τ isoform expression profile, a robust enhancement of Ser202 phosphorylation of ∼52 kD τ was detected in female mice on high-fat diet when compared to mice on standard diet. This is an important finding because GSK3β is the key kinase responsible for Ser202 phosphorylation in τ, providing a direct link between τ phosphorylation and insulin signalling pathway. The fact that we observed hyperphosphorylation of τ in mice on high-fat diet is consistent with a previous study reporting high-cholesterol diet-induced τ hyperphosphorylation in apolipoprotein E-deficient mice \[[@b26]\]. However, because male mice on high-fat diet did not show prominent changes in the phosphorylation status of τ, it is likely that in addition to diet, gender-specific factors contribute to the underlying τ phenotype.

To date, only a few animal studies have addressed the co-occurrence of diabetic phenotype (hyperglycaemia/glucose intolerance and/or hyperinsulinaemia/insulin resistance) and AD pathology \[[@b16]-[@b18]\]. These studies have been partially contradictory with respect to Aβ production and accumulation in the brain, similarly to the population-based neuropathological studies in human beings \[[@b1], [@b7], [@b9], [@b10]\]. Diet-induced insulin resistance in Tg2576 mice \[[@b16]\] promoted Aβ40 and Aβ42 generation and consequently exacerbated Aβ plaque burden in the brain, while no effect on Aβ load was observed in APP^+^*-ob/ob* or APP^+^*-*NSY mice \[[@b18]\]. It should be noted, however, that both of these studies demonstrated significant cognitive dysfunction and alterations in the activity of insulin signalling pathway components, such as Akt and/or GSK3, in the brain. Interestingly, IRS-2--deficient mice crossed with Tg2576 mice showed alterations in both insulin receptor and IGF1 receptor signalling (insulin and IGF-1 resistance), which coincided with decreased APP processing and Aβ40 levels in a gender-independent manner in the brain. Here we also observed slightly decreased Aβ40 levels in A+I+ mice on the standard diet in a gender-independent manner, while the Aβ42 levels particularly in male mice remained unchanged leading to increased Aβ42/40 ratio. Similar increase in Aβ42/40 ratio was also observed in male A+I+ mice after dietary manipulation with high-fat diet, suggesting that the IGF-2 genotype modulated γ-secretase cleavage at the γ-site of the APP C-terminal fragment. This idea is consistent with the fact that we observed no changes in APP synthesis or processing, such as APP holoprotein or APP C-terminal fragment levels, in these mice. In this context, it should be noted that intranasal administration of insulin in patients with early AD improved cognition and also decreased the ratio of Aβ42/40 in plasma \[[@b27]\], suggesting that alterations in insulin signalling may modulate γ-secretase activity also in human beings. Changes in γ-secretase activity have been previously linked to the diet-induced insulin resistance in the brain of Tg2576 mice \[[@b16]\]. Increased γ-secretase activity, which was assessed using the *in vitro* APP intracellular domain generation assay, displayed a positive correlation with decreased inhibitory phosphorylation status of both GSK3α (Ser 21) and GSK3β (Ser 9). This further suggests that alterations in brain insulin levels and insulin signalling can influence Aβ generation. In line with this idea, GSK3α has been shown to regulate Aβ generation both *in vitro* and *in vivo* \[[@b15]\]. However, it appears that the effects of glucose intolerance, hyperinsulinaemia and insulin resistance on Aβ generation and deposition are highly dependent on the AD mouse model used. For instance, cerebral amyloid angiopathy observed in APP^+^*-ob/ob* mice is likely related to the increased propensity of the aging APP^+^ (APP23) mice, which mainly produce Aβ1--40, to develop prominent deposition of cerebrovascular amyloid \[[@b28]\]. In contrast, cerebral amyloid angiopathy is uncommon in APdE9 mice that primarily produce Aβ1--42 (our unpublished observation).

The A+I+ mice of this study were generated by cross-breeding a well-known AD mouse model, APdE9 \[[@b19]\] with diabetic IGF-2 overexpressing mice. In these mice, IGF-2 overexpression was specifically targeted to pancreas under the control of rat insulin-1 promoter \[[@b20]\]. IGF-2-overexpressing mice developed T2DM phenotype, which was accompanied with islet hyperplasia, increased β-cell mass, hyperinsulinaemia and insulin resistance \[[@b20]\]. Similar kind of morphological changes in pancreas were also observed in leptin-deficient *ob/ob* mice \[[@b29]\], indicating comparable phenotypic features in these two diabetic mouse models used for cross-breeding with different AD mouse models. Because IGF-2 overexpression was targeted specifically to pancreas and because it was not detected in the liver or muscle \[[@b20]\], it is therefore unlikely that I+ mice had significant amounts of IGF-2 in the circulation. However, we cannot completely exclude the possibility that the pancreas-derived IGF-2 had entered from blood to the brain *via* a receptor-mediated transcytosis mechanism through the blood--brain barrier, as shown previously \[[@b30]\]. Recent evidence suggests that IGF-2 is a potent enhancer of memory consolidation \[[@b31]\]. It is thus possible that improved spatial memory in AwI+ mice ([Fig. 3H](#fig03){ref-type="fig"}) could have resulted from a direct IGF-2 action in the brain. On the other hand, gene expression profiling has demonstrated significantly increased IGF-2 expression in the brain of APPswe overexpressing mice (Tg2576) showing memory impairment \[[@b32]\]. It is unknown whether APP or its cleavage products affect IGF-2 expression in the peripheral organs, such as pancreas. However, such regulation could explain the exacerbated diabetic phenotype observed in the A+I+ mice. APP/PS1dE9 overexpression in APdE9 mice was driven by a neuron-specific prion promoter. Therefore, it is possible that APP cleavage products, such as circulating soluble APP (sAPP) and/or Aβ, rather than APP holoprotein itself could specifically be responsible for the regulation of peripheral IGF-2 expression. Accordingly, sAPPα can induce the expression of several neuroprotective genes, including IGF-2 \[[@b33]\]. Collectively, this body of evidence suggests that combination of the IGF-2 and APdE9 genotypes in A+I+ mice influences the phenotypic outcome (*e.g*. hyperinsulinaemia, insulin signalling and cognitive functions) *via* complex regulatory mechanisms.

In conclusion, this study provides experimental *in vivo* evidence that Aβ- producing APdE9 genotype may exacerbate hyperinsulinaemia and insulin resistance in mice. This finding agrees with epidemiological studies suggesting that AD can be a risk factor for T2DM \[[@b1]\]. We did not find evidence supporting the idea that T2DM would increase brain Aβ load or τ pathology. However, in accordance with previous studies \[[@b16]-[@b18]\], our study suggests that diabetic phenotype can interfere with the production of specific Aβ species, thus affecting especially the Aβ42/40 ratio and the inflammatory reaction around Aβ plaques. These factors may thus explain the increased AD pathology induced by T2DM. Also, consistent with the previous findings that insulin resistance did not influence NFT pathology in the human brain \[[@b9]\], our study emphasizes that genetically induced insulin resistance does not modulate τ isoform expression or the phosphorylation status of τ. Our study also confirms the robust difference between peripheral and brain insulin levels, reinforcing the concept that hyperinsulinaemia/insulin resistance may affect brain insulin uptake through the blood--brain barrier as previously suggested \[[@b13], [@b18]\]. Finally, comparison of genetic and diet-induced T2DM suggests that high-fat diet, which is the most common way to induce T2DM phenotype in rodents, has important effects of its own in addition to inducing hyperglycaemia and insulin tolerance. According to our study, only the combination of the strongest T2DM-associated genetic background (A+I+) and a high-fat diet led to cognitive impairment. In human beings, this would suggest that persons with a genetic background predisposing them to T2DM can significantly influence their risk of getting AD by active dietary choices. In addition to diet effects, the data from this study provide potential pathophysiological insights to the clinical settings of AD and T2DM. First, it is likely that the novel therapeutic strategies targeted to mitigate insulin signalling defects in early AD or its prodrome are feasible treatment options. In accordance with this idea, it was recently shown that intranasal administration of insulin improved cognition in patients with early AD or mild cognitive impairment \[[@b27]\]. Second, the aggravated diabetic phenotype in Aβ-producing mice (A+I+) implies that it would be reasonable to monitor the diabetic status of AD patients during the course of the disease, as all the intervention measures related to altered glucose metabolism in the periphery could be beneficial in preventing T2DM in AD patients.
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Glucose tolerance test in the acute group mice at the age of 4 months. Time course of B-gluc changes in (**A**) female and (**B**) male mice of the four genotypes. Corresponding changes in plasma insulin levels during the test in (**C**) female and (**D**) male mice. Mean + SEMs are shown, *n* =4--6 mice/group.

**Fig. S2.** (**A**) Area of beta-islets as percent of total area of pancreatic crosssections of 7-month-old female mice of different genotypes on standard diet. \*\* I+ mice differed from Iw mice (*p* \< 0.01, ANOVA). (**B**) Insulin 1 and insulin 2 mRNA levels in different genotypes isolated from 4-month-old female mice (all on standard diet). \*A+ mice differed from Aw mice (*p* \< 0.05, \*\**p* \< 0.01, ANOVA); ^\#^I+ mice differed from Iw mice (*p* \< 0.05, ANOVA). (**C**) Protein levels in the liver of insulin-degrading enzyme (IDE) in 4-month-old female mice. Mean + SEMs are shown, *n* ∇ 4--6 mice/group.

**Fig. S3.** Effects of genotype and diet on insulin signaling in the ventral posterior cortex. (**A**) Total protein lysates of male mice on standard diet (STD) were analyzed with Western blotting using antibodies specific for phosphorylated GSK3α (Ser 21), GSK3β (Ser 9), and Akt (Ser473) as well as total GSK3α, GSK3β, and Akt.

Quantifications of the protein levels are shown. (**B**) Quantification of the Western blots from male mice on typical Western diet (TWD) with the same antibodies. Mean + SDs are shown, *n* ∇ 4--6 mice/group.
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